In Drosophila, well-delineated circuits control circadian rhythms, but the electrophysiological patterns that occur within these circuits are not well understood. In this issue, Tabuchi et al. clarify the temporal coding within a circuit, linking patterns of neural activity to sleep behavior.
One of the fundamental concepts of neuroscience is that the frequency of action potentials encodes information-i.e., rate coding. When teaching, we may illustrate this relationship by using the example of a sensory neuron, where the intensity of the stimuli is directly related to the frequency of the action potentials generated, or perhaps in a motor neuron, where the frequency of firing is directly related to the force generated by the muscle under its regulation. While these examples are certainly valid, those of us who record the electrical activity of neurons appreciate that firing patterns are rarely as monotonic as would be implied from a simple rate-coding algorithm. Instead, many measurements reveal that the intervals between action potentials (the interspike intervals) are variable, with many cells exhibiting bursts of discharges. For many years, more computationally minded neuroscientists have suggested that this variability in interspike intervals is not just noise but is a highly regulated physiological process that conveys information-i.e., temporal coding. In this issue of Cell, Tabuchi et al. (2018) provide a timely example of how temporal coding works, with a particularly convincing link between sleep regulation and the patterns of discharge from a specific cell population (Figure 1) .
In Drosophila, well-delineated circuits control circadian rhythms, but the electrophysiological patterns that occur within these circuits are not well understood. The authors demonstrated the presence of naturally occurring temporal spiking patterns associated with day and night in the posterior dorsal neurons. During the day, these neurons are likely to fire in irregular bursts and then switch to a regular cadence at night. Importantly, these daily changes in firing patterns exhibit circadian rhythmicity and require known clock genes. Next, the authors optogenetically imposed either day (irregular) or night (regular) activity patterns on posterior dorsal neurons and measured their effects on sleep. In the absence of changes in firing rate, posterior dorsal neuron spike timing serves as a temporal code to signify state-dependent arousal and impact sleep behavior-sleep episodes last longer when these neurons fire regularly and are more likely to be fragmented when these cells fire in irregular bursts ( Figure 1A) . Using a genetic screen, they identified a class of voltage-gated K + currents (K Ca , Slo1) along with a pump (Na + / K + ATPase) as critical drivers of the day/ night differences in electrical discharge. The K Ca channels are responsible for the after-spike hyperpolarization, while Na + / K + ATPase activity alters the threshold for generation of, as well as repolarization after, the action potential. The authors used electrophysiological and computational analyses to show that the rhythmic regulation of these two biophysical processes can drive the daily changes in posterior dorsal neuron firing ( Figure 1B ). Within each posterior dorsal neuron, the circadian clock, working through the rhythmic output gene WAKE, appears to control the subcellular localization of these membrane proteins. Through WAKE, the molecular clock targets the proteins to the membrane at night and thus alters the membrane properties of these neurons.
The posterior dorsal neurons directly project to a cell population that controls arousal (Dilp2+ neurons of the pars intercerebralis) (Barber et al, 2016) . In the final set of experiments, the authors examined how the temporal patterning of discharge in the posterior dorsal neurons impacts the Dilp2+ neurons. They first confirmed that these target cells (Dilp2+ neurons) exhibit a higher firing rate during the day than during the night. Next, they recorded from the target cells while simultaneously optogenetically activating the posterior dorsal clock neurons using day (irregular) or night (regular) temporal codes. They found that the irregular code leads to an increase in firing in the arousal-promoting output neurons. This potentiation took minutes to develop, persisted after the stimulation ended, and was dependent upon NMDA receptor signaling. This plasticity in firing in the Dilp2+ neurons was driven by the regularity, but not the rate, of firing in the presynaptic posterior dorsal neuron and represents a form of spike-timing plasticity. Future work will need to uncover the mechanism underlying the firing-rate plasticity in the pars intercerebralis (PI) neurons. Interestingly, two recent publications have also mapped connections from posterior dorsal neurons to visual neurons projecting from the anterior optic tubercle (Guo et al, 2018; Lamaze et al, 2018) . If posterior dorsal neurons convey sleep-regulatory signals to multiple synaptic partners, then are all targets sensitive to temporal coding like the Dilp2+ neurons? Or might rate and temporal coding information be multiplexed in posterior dorsal neuron activity?
The firing pattern of posterior dorsal neurons is governed only by the K Ca and Na + /K + pump and certainly involves other currents. For example, prior work from the Allada laboratory (Flourakis et al., 2015) , as well as the membrane depolarization, would activate the K Ca currents, which in turn repolarize the membrane. This feedback loop underlies a number of physiological oscillations. At the transcriptional level, the genes coding for these ion channels are under circadian control (Allen et al., 2017) . For example, in mammals, the expression of one of the genes coding for L-type Ca 2+ channels is rhythmic (peaking during the late night) and is regulated by the circadian clock component REV-ERBa (Schmutz et al., 2014) . Therefore, when considering how the circadian rhythms in the temporal patterns of firing are generated, it is likely that more currents will be found to be critically involved.
The present findings implicating a pivotal role of K Ca or the so-called big potassium (BK) currents resonates with work done in the central circadian clock in mammals (suprachiasmatic nucleus). These neurons also exhibit a daily rhythm in electrical activity, with higher discharge during the day. Work from the Meredith laboratory indicates that the kinetic properties of the BK currents (slo1) shifts from day to night (Whitt et al., 2016) . These channels are the mammalian homologs of the K Ca described in the present work. During the day, the BK currents are inactivated with the net result of a more sustained BK current and membrane hyperpolarization during the night. This work implicated the regulation of the b2 subunit as a driver of the rhythm in suprachiasmatic nucleus firing. However, the levels of the b2 subunit appeared to be stable through time, suggesting that the circadian clock regulation of this subunit is through posttranslational regulation. Interestingly, recent work in mouse models of Huntington's Disease suggests that disruption of the BK current may underlie disturbed rhythms in suprachiasmatic nucleus neural activity reported in these models of neurodegeneration (Kuljis et al., 2018) .
The study by Tabuchi et al. (2018) comprises a technically demanding set of experiments that demonstrate a causal role for temporal coding in sleep regulation. These data show that downstream targets are regulated by an NMDA-dependent form of synaptic plasticity triggered solely by temporal patterns of synaptic inputs and provide an example of how Drosophila can be used to probe the molecular and neurophysiological basis of behavioral regulation. Rapid development (B) At night, the circadian clock acts via WAKE to upregulate SLOB and NaKb to increase the K Ca2+ current and Na + /K + ATPase activity, respectively. These transcriptional/translational changes rhythmically alter the biophysical properties of action potentials to promote regular firing during the night. The regular pattern of action potentials does not trigger changes in firing in the PI neurons and these neurons fall silent.
of optogenetic tools to define sleep and arousal circuits in mammals (Weber and Dan, 2016) may open the opportunity for testing whether similar coding also underlies sleep regulation in vertebrates. Hopefully, this work will lead to a better understanding of the spatiotemporal dynamics of neural activity that drives sleep in us all.
In this issue, Kazachenka, Bertozzi, and colleagues identify elements in the mouse genome with epigenetic variability between littermates, a phenomenon linked to transmission of phenotypes over generations. This addresses two questions that remained unanswered despite intense speculation: how prevalent are these alleles, and what is their effect, within and across generations?
The vast majority of heritable sources of phenotypic variation are of course genetic in origin; however, rare instances of trait variation in the absence of DNA mutation (i.e., within inbred colonies) are known to exist and are of great interest to the fields of genetics and development (Daxinger and Whitelaw, 2012; Heard and Martienssen, 2014) . These inherited phenotypes can have profound effects over multiple generations, and there is speculation that this can be used to provide advantage while environmental conditions fluctuate without the need to acquire permanent genetic changes (Jablonka and Lamb, 1989) . This could also account for some of the complexity in human phenotypes, and the epigenetic factors involved are potential therapeutic targets. Critically, few established mammalian models exist in the literature, with limited evidence of the epigenetic mechanisms underlying phenotypic variation (Daxinger et al., 2016) . While limited in number, these examples have been regarded as the ''tip of the iceberg'' by many scientists who consider epigenetic inheritance as a likely explanation of unknown phenotypic variance. It is thus essential to comprehensively define the frequency of such loci and the magnitude of their effect size.
While several examples exist of nonmendelian inheritance in plants and worms, there are relatively few in mammals. The best characterized of these are the A vy and Axin Fu alleles that arose spontaneously within inbred mouse colonies; littermates display variable expression of these alleles and offspring tend to have expression states similar to the parents (Morgan et al., 1999; Rakyan et al., 2003) . A vy results in varied pigmentation from yellow, mottled to pseudoagouti (brown) coat coloring (Figure 1) , and Axin Fu results in a normal or kinked tail. In both cases, the genetic basis of variation, or metastability, results from the insertion nearby a gene of an intracisternal A-particle (IAP), a relatively evolutionary young long terminal repeat element. Notably, while the DNA
